Recent HST-ACS observations revealed the presence of a double sub giant branch (SGB) in the core of the Galactic globular cluster NGC 1851. This peculiarity was tentatively explained by the presence of a second population with either an age difference of about 1 Gyr, or a higher C+N+O abundance, probably due to pollution by the first generation of stars. In the present letter we analyse VLT-FORS V, I images, covering 12.7 by 12.7 arcmin, in the South West quadrant of the cluster, allowing us to follow the extent of the double SGB from ∼1 to ∼13 arcmin from the cluster center. Of the two SGB populations, we show that the peculiar one is the fainter one. The percentage of stars in this sequence is about 45% in the innermost region, but starts decreasing already at ∼ 1.5 arcmin from the center. At ∼ 2.4 arcmin from the cluster center, the fainter SGB completely disappears, while the brighter one is still very well defined. Implications for the proposed scenarios are discussed.
INTRODUCTION
Up to 2004, ω Cen and M54 used to be the only two globular clusters (GCs) with clear evidence of multiple stellar components, based on the presence of a complex red giant branch (RGB) in their color magnitude diagram (CMD; Pancino et al. 2000 , Siegel et al. 2007 ). Thanks to the exquisite image quality of the ACS camera on board HST, complex CMD features such as splittings and multimodalities were detected in these and other clusters as well. Bedin et al. (2004) discovered that the main sequence (MS) of ω Cen was also bimodal (see also Villanova et al. 2007) , and Piotto et al. (2005) demonstrated that the blue MS was more metal rich than the red one, suggesting that an exceptionally high helium content (Y ∼ 0.38) could explain its bluer color. A triple MS was discovered in NGC 2808 (Piotto et al. 2007 ), while NGC 1851 and possibly NGC 6388 have a double sub giant branch (SGB; Milone et al. 2008a , Piotto 2008 ). In addition, several LMC clusters show evidence of multiple sequences, mostly SGBs (Milone et al. 2008b) .
One characteristic seems to be in common to the clusters showing multiple stellar populations: the sequences are discrete, pointing to multiple, but separated, generations of stars (as opposed to an extended star formation period) or to multimodality in the chemical composition (as opposed to a metallicity spread). Apart from that, however, each of the clusters mentioned above shows a different peculiarity in its CMD, resulting from a different enrichment/formation history (see Piotto 2008 for a recent review).
Some of the observed multimodalities, such as the double SGBs, could be explained with a pure age difference between two sub-populations (Milone et al. 2008a ). However, a star formation history consisting of two bursts with an age gap but identical composition would be rather unlikely, due to the winds of massive stars and core collapse supernovae (SNs) of the first generation quickly enriching the medium, hence altering the initial composition of the material from which the second generation is born. Therefore, the most plausible scenarios involve multiple populations born at different times with different abundances , Salaris, Cassisi & Pietrinferni 2008 , Renzini 2008 . The presence of two coeval populations with different chemistry might be possible, in principle, in the pollution scenario, where some of the stars have their surface contaminated by the winds of stars belonging to the same burst (e.g., D'Antona, Gratton & Chieffi 1983) . However, as discussed by Renzini (2008) , this would naturally lead to a spread rather than a multimodality, given that the amount of contamination would be a continuous function of mass, velocity and orbit of each star inside the cluster.
In the present paper we use ground based data to analyse the radial behaviour of the double SGB identified by Milone et al. (2008a) in NGC 1851. This is a massive cluster (1 × 10 6 M ⊙ ), rather well studied from the ground (e.g., Walker 1998; Saviane et al. 1998; Bellazzini et al. 2001 ) that did not seem to have any peculiarity apart from a bimodal horizontal branch (HB). The ACS study by Milone et al. (2008a) , confined to the cluster core, showed that the SGB splits into two sequences almost equally populated (the fainter one containing 45% of the SGB stars, and the brighter one 55%). Cassisi et al. (2008) proposed a different content of the sum of the CNO elements as a possible explanation for the double SGB, while Salaris et al. (2008) claimed that such a difference should not be coupled with a variation in the helium content, in order to correctly reproduce the observed HB. By means of high resolution spectroscopy of 8 giants in NGC 1851, Yong & Grundahl (2008) claimed the absence of any spread or bimodality in the iron content, together with the presence of a large starto-star variation and correlation in the abundances of O, Na and Al. The ACS data cover only the cluster core, while the other available ground-based photometries for NGC 1851 did not allow to constrain the shape of the SGB with the precision required to detect a possible SGB split. The present paper is the first attempt at constraining the radial extent of the two populations associated with the double SGB. The data discussed here come from the pre-imaging run of a spectroscopic survey for CN-CH anticorrelations in the turnoff region of a number of globular clusters with a wide range of masses and metallicities. The images for NGC 1851 were acquired on September 28 th , 2001, thus with the old version of the FORS2 camera, prior to the upgrade that has optimized it in the red. The images consist of 4×4 sets of frames, a short (2s) and a long (15s) exposure in each of the V and I filters, for a mosaic of 4 fields covering the South West quadrant of the cluster. The mosaic has the cluster center in one corner, and ∼15% overlap between adjacent fields, so that it covers a 12.7 by 12.7 arcmin region, as shown in Fig. 1 . The average seeing was 1.3 arcsec.
The images, obtained in service mode, were de-biased and flat-fielded by the ESO FORS pipeline. PSF-fitting photometry was carried out with the DAOPHOTII, ALLSTAR and ALLFRAME packages (Stetson 1987 (Stetson , 1994 ), using a model PSF constant across the field, which empirically showed to yield the best results. Being a pre-imaging run, no calibrating standard stars were required. However, the photometry could be calibrated by means of the ∼1200 stars in common with the catalogue by Bellazzini et al. (2001) , relative to a 8×8 arcmin field centered on the cluster. Only the innermost of the FORS fields had stars in common with this catalogue; the other three fields were calibrated by means of the relatively large overlap with the central one, and among each other ( Fig. 1) . While crucial to calibrate our data to the standard Johnson-Cousins system, the photometry by Bellazzini et al. (2001) does not reach the required precision, at the turnoff, to assess the presence or absence of the double SGB. Figure 2 shows the photometry obtained from each of the 6.8×6.8 arcmin FORS fields, arranged here as they are in the sky. The innermost region (1.35 arcmin) has been excluded due to the poor quality of the photometry in the most crowded region. It is clear from this plot that the outermost field (lower right panel) reaches far out, where cluster stars begin to be too few compared to the field population. The two intermediate fields (lower left and upper right) already suggest the presence FIG. 2.-CMD obtained from each of the FORS fields, arranged in the same way as they are in the sky (see Fig. 1 ). The CMD in the upper left panel refers to the field containing the cluster center. However, the inner 1.35 arcmin were excluded from the CMD due to the poor quality of the photometry in the most crowded region. All the stars are shown here, without any selection on photometric errors or PSF fitting parameters. of a single SGB.
In order to improve the definition of the SGB, a selection was applied based on the photometric errors, as well as the CHI and SHARP parameters, obtained in the PSF fitting process (Stetson et al. 1987) . The smallest photometric error that a star could have is the Poisson error associated to its flux. Indeed, the lower envelope of the distribution of photometric errors yielded by DAOPHOT is always a smooth function of the magnitude. In order to select stars with unusually large errors for their magnitude, we fitted the lower envelope of the error distribution, and rejected stars having an error in excess of 0.03 mag, with respect to this envelope, both in V and in I. In addition, selection limits of CHI< 2.5 and −1 <SHARP< 1 were imposed on all the stars. The procedure is similar to the one used in, e.g., Zorotovic et al (2009, their Fig. 5) . It is worth empasizing that the selection criteria are very relaxed here: only a small percentage of the stars in the turnoff-SGB region have been rejected. Figure 3 shows the error-selected and mosaic-ed FORS photometry, in three radial annuli. The innermost annulus, at a distance between 1.35 and 2.35 arcmin from the cluster center, shows a rather poor photometry, clearly due to the high stellar density and the rather poor seeing. Also shown are the two isochrones used by Cassisi et al. (2008) to fit the HST-ACS SGB, having Z=0.002, standard alpha-element enhancement and helium content (Y = 0.25), and ages of 10 and 11 Gyr, respectively. The distance modulus [(m−M) 0 = 15.40] and reddening [E(B − V)=0.06] adopted here are constrained by the middle and right panels, assuming that the SGB seen in those CMDs corresponds to the brighter one (see below). Although the SGB in the innermost region is poorly defined, its appearance is compatible with the presence of two sequences, approximately matched by the isochrones. All the stars above the younger isochrone with colors V −I 0.8 are likely to be blends. The middle and right panels show the CMD relative to the region between 2.35 and 4 arcmin, and outside 4 arcmin, respectively. Only one of the two SGBs is present in both of them. Were the SGB double, we would be able to see it here, given that the magnitude spread, likely entirely due to photometric errors, is smaller than the expected separation between the two sequences. Incidentally, it is clear that the lower RGB is not well matched by the isochrones. This is a known problem, discussed in Pietrinferni et al. (2004) . Indeed, the isochrone fit shown in Fig. 2 of Cassisi et al. (2008) does not include the lower RGB. Figure 3 already shows the main results of the present paper, namely: i) one of the two SGBs seen in the central part of NGC 1851 by Milone et al. (2008a) disappears outside 2.35 arcmin; and ii) the SGB that disappears is most probably the fainter one. In what follows we will carry out a number of tests to strengthen these conclusions.
THE SPATIAL DISTRIBUTION OF SGB STARS

Could the double SGB show up only in the F606W filter?
The CMD presented here is obtained in different filters (V, I) with respect to the Milone et al. ones (F606W, F814W). Since the F606W filter is significantly broader than the Johnson V used here, it could in principle include some spectral feature (e.g., the red CN band) not included in the Johnson V. If this feature were very different in the stars of the two SGBs, then one might see the SGB splitting only in F606W (ACS) and not in V (FORS). This occurrence can be excluded based on the following two arguments.
First, if the SGB splitting were due to either age or CNO overabundance, it would be present also in luminosity, as easily verified in the isochrones computed by Cassisi et al. (2008) . This means that the splitting would be due to a different evolutionary path, and not to a different line blanketing. While the latter could be present preferentially in the filter in-cluding CN bands, the former affects all filters in a similar way.
FIG. 4.-Bottom: zoom around the SGB region in the HST-WFPC2 CMD. Solid lines are the same isochrones as in Fig. 3 , but transformed to the HST filter system. The radial interval considered here is shown in black in the inset map.
Second, while the CMD of the innermost region in the FORS data does not allow to establish firmly whether the double SGB is present there, the CMD from the HST-WFPC2 Snapshot Proyect 6 (Piotto et al. 2002) does show it rather unambiguously. Figure 4 shows a zoom of the CMD of NGC 1851, as obtained with HST-WFPC2, in a region outside 1 arcmin from the cluster core. The photometry in the very core is too poor to show the splitting, but just outside 1 arcmin the CMD is good enough to reveal the two SGBs quite clearly. This demonstrates that, if the double SGB is due to some effect other than age and/or CNO overabundance, it is still visible in the F555W filter, very similar to Johnson V .
Which one of the two SGBs disappears in the outer region?
The CMD in Fig. 4 also shows that the fainter SGB is significantly less populated than the brighter one. This is already a strong indication that the peculiar population, present only in the inner part, would be that associated with a fainter SGB.
In order to verify this occurrence, we shifted the FORS CMD vertically by 0.08 mag, so that its red HB matches the WFPC2 one (Fig. 5) . This removes the small zero point difference between the Johnson V and the HST F555W filters, while the color term is negligible given the similarity between the two filter passbands. The single SGB visible in the FORS CMD can be identified in the WFPC2 one by means of its magnitude at a fixed (arbitrary) color. Since the colors on the x-axis are different in the two panels, we need to select a ref- the color. The color in the "middle" of the SGB, i.e., the average between the color of the MS at V = F555W = 19.5 and the color of the RGB at V = F555W = 18.6, was selected as reference. Figure 5 clearly shows that, at this reference color, the brighter SGB has V = 18.87 in both CMDs, while the fainter one has V = 19.01 in the WFPC2 data, and it is not visible in the FORS CMD. This exercise clearly demonstrates that the peculiar population is the one corresponding to the fainter SGB, which is present only in the central ∼2 arcmin of the cluster, as was already hinted in Fig. 3 .
Further support to this idea comes from the fact that Milone et al. (2008a) also found the stars in the fainter SGB to be more concentrated than those in the brighter SGB (c.f., their Fig. 6 ). However, having only data in the inner region, they concluded that the difference was compatible with the two groups of stars sharing the same spatial distribution.
DISCUSSION
We have demonstrated that the stellar population associated with the fainter SGB in NGC 1851 is present only in the inner ∼ 2 arcmin from the cluster center. The origin of this population is not clear yet, hence we shall use its central concentration to pose constraints about the proposed scenarios.
Three hypotheses have been proposed to explain the SGB splitting in NGC 1851. Namely: i) a pure age difference of about ∼1 Gyr; ii) CNO overabundance of about a factor of 2 associated with the brighter SGB, with the latter also being ∼ 2 Gyr younger than the "normal", fainter SGB; and iii) CNO enhancement associated with the fainter SGB at a fixed age (i.e., coeval populations). Salaris et al. (2008) suggested that the progeny of the fainter SGB population should be found both on the blue and the red side of the horizontal branch (HB), while the brighter SGB should produce only stars on the red side of the HB. By coupling the SGB shape with the constraints posed by star counts along the HB, they could exclude the brighter SGB population as being the extreme, CNO-enhanced one.
Pure age difference. If the fainter SGB corresponds to a population ∼1 Gyr older than the brighter one, its central concentration would imply a first episode of star formation, confined to the center and converting into stars only a small amount of the available gas, followed by a second burst 1 Gyr later, converting into stars all the remaining gas, and involving the whole cluster volume. This scenario, although a bit weird, for our classical view of globular cluster formation, would be an inside-out formation process, similar to the one occurring in most galaxies.
CNO enhancement of the brighter SGB. If the brighter SGB is a CNO-enhanced population, then it should be ∼2 Gyr younger than the normal-abundance, fainter SGB one. However, in this case the chemically normal population should be the minority one, located only in the center, and it should have been able to enrich the second-generation stars all over the cluster volume. Clearly this is not a plausible solution, because the relatively small total mass of the primordial population would not be able to enrich the more massive, second generation. This scenario was also excluded by Salaris et al. (2008) on the basis of star counts along the HB.
CNO enhancement of the fainter SGB. If the fainter SGB is coeval with the brighter SGB, then it should have an extreme metal mixture, characterized by CNO enhancement, strong anticorrelation between C-N and O-Na, but the same iron and helium abundances . Such a scenario would seem the most plausible one. The bulk of the stellar population in NGC 1851 would be born ∼12 Gyr ago, and in the time span between 20-30 Myr and 300 Myr after its birth, the winds from its massive AGB would accumulate enriched gas at the bottom of the potential well, i.e., at the cluster center (c.f., Renzini 2008) . At some point during this time, the accumulated material could undergo a second episode of star formation, soon enough that the age difference would not be detectable with the current data.
The present analysis allowed us to identify the fainter SGB population as the peculiar one, present only in the central part of the cluster, and likely to be either older than the other, or CNO enriched and coeval within the errors (∼0.4 Gyr). Both scenarios are compatible with the results of Salaris et al. (2008) . However, in the middle (2.35 < R[ ′ ] < 4.0) and outer (R > 4 ′ ) radial bins of the FORS data, the stars on the blue and the red side of the HB are in the proportion B:R=2:8 and 2:3, respectively. If it were true that the progeny of the brighter SGB should be found only on the red side, as suggested by Salaris et al. (2008) , then we should see the blue HB disappearing from the CMD, together with the fainter SGB. Despite the very low number statistics, we do see blue HB stars out to R∼4 arcmin, where the fainter SGB has disappeared completely. Unfortunately, the HB is very sparsely populated in the outer region, therefore the statistics cannot be improved significantly even with other photometries from the literature. In addition, field stars contaminate significantly the red HB region, outside 4 arcmin (see Fig. 2 ).
Before closing, we would like to point out that it is not immediately obvious how multiple populations may remain radially segregated in an old globular cluster such as NGC 1851. Note, in this sense, that NGC 1851's central relaxation time is only 2.6 × 10 7 yr, whereas at the half-light radius this is still just 3.2 × 10 8 yr (Djorgovski 1993) . One might thus expect, perhaps somewhat naively, that any differences in radial distribution among the different stellar components should have disappeared long ago. On the other hand, from eq. (2-61) in Spitzer (1987) , we estimate that, outside the half-light radius, the relaxation time should increase roughly as r 3 ; therefore, outside about 1.8 arcmin, the relaxation time becomes longer than a Hubble time, in the case of NGC 1851. Since the observations presented in this paper cover mostly regions outside this boundary, it is conceivable that the spatial distribution of distinct stellar populations in the cluster will only become more thoroughly homogeneized in the distant future. Systematic differences in the turnoff masses of the stars in the different populations, as might conceivably be brought about by different ages and detailed element abundances (especially CNO and/or He), could also lead to radial segregation effects over a Hubble time. However, if this were the explanation, and considering that any such differences in turnoff masses should be quite small (i.e., at the level < 0.1 M ⊙ ), one would expect the present-day mass function of the cluster to be completely distorted, covering as it does a much wider range in masses. Another possible explanation might be a relatively recent capture event of a primordially enriched cluster (e.g., Shi 1995) . However, it would seem extremely unlikely for two such merging clusters to have so closely the same [Fe/H] as seen in the present-day NGC 1851 (e.g., Catelan 1997) . In order to shed light on this problem, further studies of the spatial distribution of the stars associated with the different subpopulations, along with their detailed chemical composition patterns, are strongly encouraged.
